The inactive state of the small G Protein Cdc42, the Cdc42 ⅐ GDP ⅐ Mg 2؉ ternary complex, was investigated using fluorescence, Mn 2؉ substituted electron paramagnetic resonance, and 31 P nuclear magnetic resonance spectroscopy at various urea concentrations. The urea interaction with the protein was used to probe the binding state of GDP ⅐ Mg 2؉ to Cdc42. Two binding states of the Cdc42 ⅐ GDP ⅐ Mg 2؉ ternary complex with different binding stability were observed. The two binding states were characterized by two sets of 31 P resonance of GDP phosphate groups, namely P ␣ and P ␤ , P ␣ , and P ␤ . The high populated binding state I (P ␣ and P ␤ ) was more stable and less sensitive to the urea interaction. Yet the population of binding state II (P ␣ and P ␤ ) was lower, and the binding of GDP ⅐ Mg 2؉ to Cdc42 in this state was more sensitive to the urea interaction. 
Cdc42 is a member of the Rho family GTP-binding proteins. The Rho family members, including Rho and Rac, regulate a wide variety of cellular functions (1) (2) (3) . The small GTPases, including Cdc42, regulate cellular processes such as cell growth and division (4), cell cycle progression (5), reorganizing actin-cytoskeleton (6), transcription activation (7) , and cell movement (8) . The multiple biological functions of the Rho-related proteins are mediated through a tightly regulated GTPbinding/GTPase cycle. When these proteins are activated by upstream signals such as growth factors and phospholipids, they are converted to the active GTPbound form from the inactive GDP-bound form by guannine nucleotide exchange factors (GEFs) (9) . Whereas the GTP-bound forms are in turn rendered inactive due to their intrinsic GTPase activity that are further stimulated by the GTPase-active proteins (GAPs) (10) .
Recently, a significant amount of biochemical, mechanical, and structural information has been obtained regarding how the active GTP-bound form of the small GTPase works. Relatively less is understood about the inactive GDP-bound form of these proteins. The number of structures of the Rho family GTP-bound form in PDB is about twice that of the GDP-bound form. The reason may be that more attention is paid to the GTPbound form, since the GTPase relays extracellular signals to a large number of downstream effectors. However, in the absence of GDI, the GDP-bound Rho proteins are archored to cellular members with the geranylgeranyl moiety. The GDP-bound form of small GTPase should be more prevalent in the cell because the activated mutant is sufficient to cause malignant transformation (11) . It is worthy of more attention.
In this study, the Cdc42 ⅐ GDP ⅐ Mg 2ϩ ternary complex was investigated using fluorescence, Mn 2ϩ substituted electron paramagnetic resonance (EPR), and 31 P nuclear magnetic resonance (NMR) spectroscopy at various urea concentrations. The urea interaction with protein was used to probe the binding state of GDP ⅐ Mg 2ϩ to Cdc42. Two binding states of GDP ⅐ Mg 2ϩ in the Cdc42 ⅐ GDP ⅐ Mg 2ϩ ternary complex with different binding stability were observed. The two states showed different sensitivity to the urea interaction. The release of GDP ⅐ Mg 2ϩ was faster in the binding state that was more sensitive to urea interaction.
MATERIALS AND METHODS
Materials. Thrombin, guanosine 5Ј-diphosphate (GDP) and guanosine 5Ј-triphosphate (GTP) were purchased from Sigma. Urea (ultra pure) was purchased from Life Technologies. All other reagents were of analytical grade.
Protein preparation. Human Cdc42 protein was expressed as His 6 -tagged fusion protein in Escherichia coli by the pET expression system 28 (Novagen) (12) . The induction and purification of His 6 -tagged Cdc42 by isopropyl-1-thio-␤-D-galactopyranoside and Ni 2ϩ -charged agarose beads were carried out following the instructions provided by Novagen. If necessary, the His 6 -tagged moiety of the fusion protein was cleaved by thrombin digestion and applied successively to a MonoQ anion-exchange column (13) . The Cdc42 fraction was analyzed for purity by SDS polyacrylamide gel electrophoresis, and the protein was confirmed at least 90% pure.
For the experiments carried out in this study, the protein concentrations were measured using the dye assay described by Bradford (14) . The Mg 2ϩ -free Cdc42 was generated by incubating a 1 mM purified Cdc42 with 25 mM EDTA for 30 min at 4°C. The metal ions and EDTA were removed by centrifugation in a Centricon-10 concentrator (Amicon) at 4500 ϫ g for one h. To ensure that the metal ions and EDTA were removed quantitatively, the process was repeated four times. For EPR experiments the bound Mg 2ϩ in purified Cdc42 fraction needed to be replaced by the metal ions Mn 2ϩ . To prepare the proper samples for EPR experiments, 1 mM Cdc42 in buffer containing 25 mM EDTA, 5 mM DTT and 1 mM GDP were held at room temperature for 10 min. The protein samples were then processed by ultrafiltration with Centricon-10. Afterwards, 20 mM MnCl 2 was added in to the samples. Subsequently, 20 mM Tris-His buffer, pH 8.0, was used for centrifugation with an Amicon to remove the excess Mn 2ϩ and EDTA in the samples. To ensure the replacing quantitatively of Mg 2ϩ by Mn 2ϩ , the process was repeated four times. The details of the preparation of the samples for the NMR measurements is described in the section "unfolding studies," and section " 31 P NMR spectra of GDP" in the results section.
Fluorescence measurement. Fluorescence intensity was measured with a Shimadzu RF5301 spectrofluorophotometer. The excitation wavelength was fixed at 295 nm to ensure selective excitation of the tryptophan residue. The band widths of the excitation and emission wavelengths were both 5 nm. Measurements were performed over the range of 300 -420 nm by monitoring the fluorescence emission intensity. All measurements were carried out at 25°C with 1.2 M of the protein dissolved in the same buffer as for the CD measurement.
EPR measurements. All EPR measurements were performed with a Varian E-109 spectrometer at 9.13 GHz. The spectrometer was interfaced to an IBM-Pentium microcomputer for data acquisition. EPR spectra of free Mn 2ϩ and Mn 2ϩ in complex with Cdc42 ⅐ GDP were recorded at central field strength of 3250 G with a microwave power setting of 20 mW. The sweep width for each spectrum was 800 G. For each sample the EPR signal was obtained by accumulating 10 scans with a 2 G field modulation. The concentration of Cdc42 for each sample was 1 mM. Samples were contained in quartz capillary tubes.
NMR measurements.
31 P NMR experiments were carried out with a Bruker DPX-400 spectrometer operating at a phosphorous resonance frequency of 161.6 MHz. The signal was referenced to an external standard of 85% phosphoric acid (2.3 ppm), which was sealed in a capillary immersed in the sample. A protein sample at 1 mM was dissolved in a Tris-HCl buffer with 10% D 2 O for field lock. The data were recorded with a sweep width of 50.12 ppm and 16,384 data points. 40,000 scans were collected for each FID.
Unfolding studies. Unfolding of Cdc42 were induced by the urea denaturation. Cdc42 in complex with Mg 2ϩ ⅐ GDP or Mn 2ϩ ⅐ GDP for NMR or EPR studies, respectively, were incubated with the desired concentration of urea at 25°C. For completion of the urea denaturation, the incubations were taken overnight in the buffer containing 20 mM Tris-HCl, pH 8.0. Urea concentrations were set as 0. 
RESULTS
Intrinsic tryptophan fluorescence spectra. Cdc42 had a single tryptophan residue at position 97, which was located close to the hydrophobic core consisting of six ␤-strands. Trp97 emission spectrum of native Cdc42 revealed a maximum intensity at 327.9 nm. When the concentration of urea was increased from 2 M to 8 M, the fluorescence spectra maximum shifted from 328 nm to 350 nm. The red shift of the tryptophan emission wavelength is shown in Fig. 1 . The curve in Fig. 1 indicates that the residue Trp97 was exposed to the aqueous solution gradually with increased urea concentrations, and Cdc42 lost its compact tertiary structure at 8 M urea.
Hyperfine Mn
2ϩ EPR spectra. The EPR spectrum of free Mn 2ϩ shows the characteristic six hyperfine pattern caused by the interaction of Mn 2ϩ nuclear spin (5/2) with its electron spin. Mn 2ϩ has been found to be a good analogue of Mg 2ϩ in many biological systems. A large amount of scientific data has shown that bound Mg 2ϩ in many enzyme systems involved in phosphoryl transfer can be replaced functionally by its analog Mn 2ϩ . Meanwhile, Mn 2ϩ substitution has been used to identify Mg 2ϩ binding sites on proteins in many structural studies such as the studies for RecA, for the cAMP-dependent protein kinase, and for inositol monophosphatese.
The EPR spectra of free Mn 2ϩ , GDP ⅐ Mn 2ϩ , and Mn 2ϩ in complex with Cdc42 ⅐ GDP are shown in Fig. 2A . It is clear that the association of Mn 2ϩ with GDP did not influence the line width and peak position of the spectra. However, the peak position and signal line width of Cdc42 ⅐ GDP ⅐ Mn 2ϩ spectrum were different from those of free Mn 2ϩ . The positive peak maximums of 3rd, 4th, and 5th hyperfine lines of free Mn 2ϩ were at 3136, 3230, and 3329 G, respectively. Whereas, the field strengths of 3095, 3195, and 3300 G were observed for the corresponding hyperfine lines of Cdc42 ⅐ GDP ⅐ Mn 2ϩ . The 3rd, 4th, and 5th hyperfine lines of the EPR spectrum of the Cdc42 ⅐ GDP ⅐ Mn 2ϩ ternary complex were much broader than those for free Mn 2ϩ . The pres- ence of urea influenced only the signal intensity, but not the line width and peak position of the Mn 2ϩ EPR spectra, evidenced by the experiments with samples GDP ⅐ Mn 2ϩ and free Mn 2ϩ at different urea concentrations (data not shown). When the amount of urea increased from 0 M to 1.5 M, the EPR spectra of Cdc42 ⅐ GDP ⅐ Mn 2ϩ (Fig. 2B) showed no significant change in the line width and peak position, except the signal intensity. Starting from 2.0 M urea, the line shapes of the 3rd, 4th, and 5th hyperfine lines had explicit changes with increased urea concentration, the spectral component of free GDP ⅐ Mn 2ϩ increased gradually, and those of bound GDP ⅐ Mn 2ϩ decreased. At 8.0 M urea, the EPR spectrum displayed the characteristic 6-hyperfine lines of free Mn 2ϩ ⅐ GDP (Fig. 2B ). Referring to Fig. 2A , it is clear that the positive peak positions remained at the field strength as for the Cdc42 ⅐ GDP ⅐ Mn 2ϩ complex below 1.5 M urea. Starting from 2 M urea, the new spectral components in 3rd, 4th, and 5th lines appeared at the field strengths for the hyperfine lines of free Mn 2ϩ ⅐ GDP. Ultimately, at above 6 M urea, most of GDP ⅐ Mn 2ϩ binary was released from the Cdc42 ⅐ GDP ⅐ Mn 2ϩ complex.
31 P NMR spectra of GDP. 31 P NMR experiments were run with samples of the Cdc42 ⅐ GDP ⅐ Mg 2ϩ complex at different concentrations of urea. The samples were prepared by the following procedures: the Cdc42 ⅐ GDP ⅐ Mg 2ϩ complex was processed by centrifugation in a Centricon-10 concentrator at 0 M urea concentration and also at corresponding urea concentrations after denaturation of the protein samples. Simultaneously, the released GDP ⅐ Mg 2ϩ as well as urea was removed from the NMR samples. The content of the phosphorous atom in the samples prepared at high urea concentration was checked by atomic absorption spectrum, and the majority of phosphorus atoms were removed. For reference, the 31 P NMR spectra of free GDP and GDP ⅐ Mg 2ϩ in amounts of urea corresponding to those in the Cdc42 ⅐ GDP ⅐ Mg 2ϩ samples were recorded under the same experimental conditions. 31 P NMR spectra obtained for the Cdc42 ⅐ GDP ⅐ Mg were very close to that of corresponding P ␣ and P ␤ of GDP ⅐ Mg 2ϩ in Fig. 4 . In consequence, the two sets of phosphorus resonances must be due to the different binding states of GDP ⅐ Mg 2ϩ to Cdc42. Figure 3A shows the decrease of signal intensity of GDP in the ternary complex with increased urea concentration. The ratios of normalized intensities (peak area) of P ␤ /PЈ ␤ are about 1.6, 3.2, 6.6 and 7.8 at urea concentrations of 0, 2, 4, and 6 M, respectively (similar for P ␣ /PЈ ␣ ). It indicates clearly that the intensity of PЈ ␣ and PЈ ␤ decreased much fast than that of P ␣ and P ␤ when the concentration of urea is getting higher. This spectral phenomena of Cdc42 ⅐ GDP ⅐ Mg 2ϩ suggests strongly that the GDP in the binding state II providing signals to Set 2 (PЈ ␣ and PЈ ␤ ) was more easily dissociated from the protein complex than that in binding state I (for P ␣ and P ␤ ), and the population of State I was 1.6-fold that of State II. At 7 M urea, both GDP binding states were disturbed explicitly by urea interaction at 7 M urea, as a result, only a trace of complex GDP could be detected.
DISCUSSION

Two binding states of Cdc42 ⅐ GDP ⅐ Mg
2ϩ in aqueous solution. Two binding states of GDP ⅐ Mg 2ϩ to Cdc42 were observed according to the 31 P NMR experiments (Fig. 3A) . There are two possible explanations for this observation. One is that the dimer of Cdc42 was formed in the aqueous solution along with the monomer, and they were in equilibrium. The association of Cdc42 to the dimer could explain the difference in the chemical shifts of the GDP 31 P NMR resonances. The other explanation is that there were at least two binding states of Cdc42 ⅐ GDP ⅐ Mg 2ϩ existing in aqueous solution. The different binding states lead to the appearance of 31 P resonances of GDP at different chemical shifts. The small GTPase Cdc42 and Rac2 of the Rho family were found to form reversible homodimers in both the GTPand the GDP-bound states (15) . Sequence alignment analysis revealed the presence of a C-terminal polybasic motif in the Rho family. The polybasic nature of the C-terminal domain is critical in mediating the homophilic interactions of specific Rho family GTPases. All Rho family proteins, including the additional mammalian members Rac1, Rac2, Cdc42, and RhoG, have been found in reversible homodimer or higher oligomer and monomer states. Removal or substitution of the C-terminal polybasic residues leads to the monomeric form only (16) . The carboxyl-terminal truncation mutation of Cdc42 (C-7), which is short seven residues at the C-terminal, is in the monomeric form (15) . However, the 31 P NMR spectrum of Cdc42 (C-7) still shows four peaks (Zheng, Y., personal communication). Therefore, the explanation of the outcome of the homodimer can be excluded. In other words, there were at least two binding states of GDP ⅐ Mg 2ϩ to native Cdc42 existing in the aqueous solution.
As reported, 31 P NMR experiments of Ras ⅐ GppNHp ⅐ Mg 2ϩ have indicated two binding conformations. The mutation experiments of Ras suggest that these two conformations correspond to the two different conformations of loop L2 (Switch I), that is the two different relative orientations of Tyr32 with respect to the nucleotide binding in switch I (17) .
31 P NMR data (18) suggest that the more highly populated state in those two conformations was interpreted as the conformation with the effector loop (Switch I) in close proximity to the phosphate groups, and the ring current of Tyr32 
FIG. 3. (A)
31 P NMR spectra of Cdc42 ⅐ GDP ⅐ Mg 2ϩ complex recorded at different urea concentrations. The concentration of urea for each spectrum is indicated in the figure. Sample of ternary complex Cdc42 ⅐ GDP ⅐ Mg 2ϩ was prepared according to the procedure that is described in detail in the text. (B) 31 P NMR spectra of free GDP (curve 1) and GDP ⅐ Mg 2ϩ binary (curve 2) in the absence of urea.
shifted the 31 P resonances of the phosphate groups. In the other state, the Tyr32 side chain was further from the nucleotide and the ring current did not cause the shifts of 31 P resonances of nucleotide. In all G proteins, the structural regions of the protein, mainly the rigid phosphate binding loop (P-loop), Switch I and Switch II contribute to the nucleotide and Mg 2ϩ binding (19) . : 1AJE; 13) . Cdc42 contains not only Tyr32 but also Phe37 in switch I. In the crystal structure of Cdc42 ⅐ GDP ⅐ Mg 2ϩ (PDB Code: 1AN0), Tyr32 is located relatively close to ␣ phosphate of GDP, while Phe37 is relatively near to the ␤ phosphate of GDP (Fig. 5) . Inspection of the crystal structure of Cdc42 ⅐ GDP ⅐ Mg 2ϩ (PDB Code: 1AN0) provides the distances between phosphate atoms of GDP and the aromatic ring carbon atoms. The relatively short distances are 8.29 Å, 9.19 Å, and 9.87 Å between 31 P ␤ and 13 C of Phe37, 31 P ␤ and 13 C ␥ of Phe37, and 31 P ␣ and 13 C of Phe37, respectively, whereas the distances between phosphates of GDP and aromatic ring atoms of Tyr32 are Ͼ11 Å. The relative solvent accessibility (21) of Tyr32 and Phe37 in crystal structure (PDB Code: 1AN0) are 0.85 and 0.42, respectively in opposition to that of 0.40 and 0.99 obtained from solution structure. It seems the nearly 4 ppm low field shift of 31 P ␤ resonance of Cdc42 ⅐ GDP ⅐ Mg 2ϩ from that of GDP ⅐ Mg 2ϩ (Fig. 4) is not related to the orientations of the side chains of two aromatic residues in solution structure. In fact, the 31 P in phosphate groups is rather insensitive to its environment because it is insulated from its surroundings by the tetrahedral array of oxygen atoms. Consequently, at those considerable distances of aromatic groups to phosphate 31 P atoms, the effect of ring current is barely observable in 31 P NMR resonances of GDP in Cdc42 ⅐ GDP ⅐ Mg 2ϩ complex. Therefore, the observed two sets of 31 P resonances of GDP (Fig. 3A) are not related to the ring current effect of aromatic residues Tyr32 and Phe37.
As known the 31 P chemical shift is highly sensitive to the O-P-O angle and to the immediate electronic environment such as the charge on the phosphate. Usually, the binding of nucleotide to protein involves the formation of multiple hydrogen bonds between them. In the crystal structure of the G12V-mutant Cdc42 ⅐ GDP ⅐ Mg 2ϩ (20) (Fig. 5) , a number of hydrogen bonds were formed between the backbone amide protons of residues, Ala13, Gly15, Lys16, and Thr17 in the P-loop with the oxygen atoms of the ␤ phosphate group of GDP. Moreover, the backbone NH and side chain SH of Cys18 formed the hydrogen bonds with the ␣-phosphate oxygen of GDP. Furthermore, the Cdc42(G12V) ⅐ GDP ⅐ Mg 2ϩ structure indicated that Mg 2ϩ was coordinated with the hydroxyl oxygen of Thr17, with one ␤-phosphate oxygen of GDP and with four water molecules. The space position of Mg 2ϩ in the binding pocket was stabilized by three hydrogen bonds with the side chain of Thr17 and Asp57 mediating by water molecules in between. Formation of the hydrogen bonds between polar groups of protein and the phosphate oxygen atoms of GDP may cause the changes not only in the polarization of charge along the O-P bond, but also in the O-P-O angles of phosphate groups of GDP. Actually, the large changes in the O-P-O angles of ␤-phosphate group of GDP in Cdc42 ⅐ GDP ⅐ Mg 2ϩ complex are occurred as compared to the crystal structure of quasi-free GDP. In result, the changes in charge density at 31 P nucleus and in the geometry of phosphate group should lead to the change in the magnetic shielding of the 31 P nucleus. Therefore, the two different binding states of GDP ⅐ Mg 2ϩ to Cdc42 may correlate presumably to two different modes of GDP ⅐ Mg 2ϩ binding to Cdc42. The disparity in binding mode may lie in the hydrogen bonds formed between phosphate oxygen atoms of GDP and the polar groups of Cdc42 in solution structure. Among these two different binding states of the GDP ⅐ Mg 2ϩ to Cdc42, the state I corresponding to P ␣ and P ␤ in Fig. 3A is more favorable for P-loop to enfold the ␣ and ␤ phosphates of the nucleotide, and thus was high populated (61%) in the sample solution. The binding corresponding to State II (PЈ ␣ and PЈ ␤ in Fig. 3A) was not advantageous for GDP ⅐ Mg 2ϩ to complex with Cdc42, and was less populated according to the peak intensities of the two sets of 31 P resonances.
Difference in sensitivity of two binding states to urea interaction. Under the interaction of denaturants, the release of GDP ⅐ Mg 2ϩ at different urea concentrations from the ternary complex Cdc42 ⅐ GDP ⅐ Mg 2ϩ was different for the two binding states. The EPR (Fig. 2B) and NMR (Fig. 3A) data revealed that the binary complex of GDP and metal ions, Mn 2ϩ and Mg 2ϩ , started to release from the ternary complex with Cdc42 at 2 M urea. The minor changes of chemical shifts of the 31 P resonances with increase of urea concentration were observed for the phosphate groups of GDP in two binding states (Fig. 4) . Besides, the fluorescence curve showed almost no red shift at 2 M urea (Fig. 1) . All above observations indicated that the release of nucleotide and metal ion binary at 2 M urea was due mainly to the urea interaction, but not to the change of structural arrangement of the GDP binding ligands. As reported (22, 23) , urea and guanidinium chloride may interact with the protein to form the hydrogen bond with the polar group of the protein. A multiple hydrogen bond of urea with peptide groups was revealed by crystallographic studies on diketopiperazine crystal (24) . Therefore, the urea interaction might perturb the hydrogen bonds between GDP ⅐ Mg 2ϩ and NH or other polar groups of the protein, and consequently, influenced the binding stability of GDP ⅐ Mg 2ϩ to Cdc42. It was found that the decrease of the intensities of 31 P signals in the less populated binding state II (PЈ ␣ and PЈ ␤ ) was faster than that in the highly populated State I (P ␣ and P ␤ ) at 2 M urea comparing to the intensities of 31 P resonances at 0 M urea. Obviously, the binding state I (P ␣ and P ␤ ) was less sensitive to urea interaction than that of State II.
At 4 M urea, the tertiary structure started to be perturbed by the interaction of urea according to the fluorescence data (Fig. 1) . As a result, the GDP ⅐ Mg 2ϩ was released in large quantities from the Cdc42 ternary complex, indicated by the signal intensities of the 31 P NMR spectra at 4 M urea. When the concentration of urea reached 6 M, the dramatic change of the tertiary structure of Cdc42 was revealed by the change of the red shift of fluorescence emission in the fluorescence spectra (Fig. 1) . Meanwhile, the Mn 2ϩ EPR spectrum of Cdc42 ⅐ GDP ⅐ Mn 2ϩ at 6 M urea displayed explicitly the spectral component of free GDP ⅐ Mn 2ϩ , and finally only the free GDP ⅐ Mn 2ϩ signal can be observed at 8 M urea (Fig. 2B) . Apparently, the structural changes of the Cdc42 ternary complex under the denaturation using 6 M urea disrupted the GDP ⅐ Mg 2ϩ binary ligands. In consequence, the binding of GDP ⅐ Mg 2ϩ to Cdc42 was perturbed greatly resulting in the dramatic changes of signal intensities of the 31 P resonances of the nucleotide. The ratios of normalized intensities P ␣ /PЈ ␣ and P ␤ /PЈ ␤ increased from 6.6 to 7.8 when the urea concentration is increased from 4 M to 6 M. Obviously, the binding state II corresponding to PЈ ␣ and PЈ ␤ was disrupted earlier than that of State I (P ␣ and P ␤ ). The above analysis suggests that the binding State I for GDP ⅐ Mg 2ϩ was more stable than that of State II.
In conclusion, the present study suggests that two binding states of the GDP ⅐ Mg 2ϩ complex to Cdc42 existed in aqueous solution. They showed different stability during the interaction with urea. The binding state corresponding to the highly populated State I was less sensitive to urea interaction, and more stable than that of state II. The release of GDP ⅐ Mg 2ϩ at 2 M urea was mainly due to the urea interaction, while the GDP binding ligands remained almost unchanged. Above 4 M urea, the urea denaturation caused the structural changes, and it lead to a more fast release of GDP ⅐ Mg 2ϩ from the ternary complex Cdc42 ⅐ GDP ⅐ Mg 2ϩ in the binding state II than in the binding state I of Cdc42.
